Nucleosomes, the basic units of chromatin, package and regulate expression of eukaryotic genomes. Although the structure of the intact nucleosome is well characterized, little is known about structures of partially unwrapped, transient intermediates. In this study, we present nine cryo-EM structures of distinct conformations of nucleosome and subnucleosome particles. These structures show that initial DNA breathing induces conformational changes in the histone octamer, particularly in histone H3, that propagate through the nucleosome and prevent symmetrical DNA opening. Rearrangements in the H2A-H2B dimer strengthen interaction with the unwrapping DNA and promote nucleosome stability. In agreement with this, cross-linked H2A-H2B that cannot accommodate unwrapping of the DNA is not stably maintained in the nucleosome. H2A-H2B release and DNA unwrapping occur simultaneously, indicating that DNA is essential in stabilizing the dimer in the nucleosome. Our structures reveal intrinsic nucleosomal plasticity that is required for nucleosome stability and might be exploited by extrinsic protein factors.
T he packaging of DNA into chromatin regulates access to genetic material, transcription, recombination and DNA repair. The fundamental repeating unit of chromatin is the nucleosome 1,2 . The nucleosome core particle (NCP) is composed of two copies each of histones H2A, H2B, H3 and H4, around which is wrapped ~150 bp of DNA 3 . DNA is stably packed on the histone surfaces by electrostatic interactions and hydrogen bonds between the DNA and the histone octamer 3 .
Nucleosome structures are diverse, owing to histone variants, histone modifications and variations in their composition 4 . Recent studies have shown that nucleosomes are also highly dynamic and can adopt alternative conformations that are distinct from the canonical crystal structure. DNA wrapped around the histone octamer can transiently unwrap, leading to DNA breathing, tightening, loosening, sliding and gaping [5] [6] [7] [8] . It has been shown that under physiological conditions, nucleosomal DNA unwraps and rewraps on a millisecond time scale 5 . This spontaneous unwrapping of nucleosomal DNA ends makes chromatin more accessible to DNA-binding factors 5, 9, 10 .
Nucleosomes can also exhibit asymmetry with respect to histone content. The absence of one H2A-H2B dimer leads to the formation of the hexasome. The existence of open nucleosome particles and hexasomes was observed by ChIP-exo and MNase-seq experiments in vivo 11 . H2A-H2B dimer dissociation has also been observed during transcription, replication and remodeling 12, 13 . It has been shown that the passage of RNA polymerase II through the nucleosome opens the nucleosome and generates the hexasome, which allows the nucleosome to remain partially assembled during transcription 13, 14 . A collision of two nucleosomes during chromatin remodeling can also lead to nucleosome opening and hexasome formation 15, 16 . In vitro, increased salt concentration facilitates nucleosome opening, showing that DNA breathing and hexasome formation is an intrinsic property of the nucleosome 14, 17 . This process might be facilitated by the activity of extrinsic protein factors such as transcription machinery, histone chaperones, ATP-dependent remodeling complexes and histone-binding proteins 1, 2 .
Although the structure of the intact nucleosome has been studied by crystallography, little is known about structures of the partially unwrapped, transient intermediates observed during transcription, DNA replication and repair. Recent studies have shown that DNA unwraps from the stiffer side in an asymmetric way 18, 19 . If the DNA flexibility were similar on both sides, DNA would stochastically unwrap from either side 19 , suggesting that the opening of one end helps to stabilize the other end. How the asymmetric unwrapping is achieved and what conformational changes occur in the nucleosome during DNA breathing is poorly understood. In this study, we used cryo-EM to structurally characterize different states of nucleosome breathing and present nine structures of distinct conformations of nucleosome and subnucleosome particles.
Results
Cryo-EM structures of nucleosome breathing. We collected cryo-EM data of NCPs assembled on a 601 DNA 20 sequence that uniquely positions DNA on the histone octamer 21 ( Supplementary  Fig. 1a ). In our dataset A, consisting of ~700,000 particles, NCPs can be clearly recognized in different orientations: disks, tilted views and side views ( Table 1 and Supplementary Fig. 1b ). In the 2D class averages, high-resolution details such as the DNA dyad, major and minor DNA grooves and histone α -helices can be seen ( Supplementary Fig. 1c ). We analyzed the data and solved the structure of the NCP to 4.8 Å using all particles. Further classification of NCPs revealed several distinct classes. The first class (class 1) was reconstructed to 3.7 Å and has the appearance of a canonical nucleosome 3,22,23 ( Fig. 1a and Supplementary Fig. 1d-g) . Notably, we observed that ~10% of the particles occupied different states of DNA unwrapping ( Fig. 1a ), consistent with equilibrium measurements of the unwrapped state under physiological conditions 5, 18, 24 . These particles were classified into three distinct cryo-EM maps and reconstructed to 5.4 Å (class 2), 5.1 Å (class 3) and 6.3 Å (class 4) ( Fig. 1a and Supplementary Fig. 2a-c) .
We refined the X-ray model of the nucleosome assembled on 601 DNA 25 and observed several changes in the structure of the nucleosome ( Fig. 1b and Supplementary Fig. 3a-c ). Whereas the class 1 cryo-EM map and the X-ray structure are highly similar, in the class 2 cryo-EM map, we observe an asymmetrical DNA bulge at one entry-exit site 18, 19 (Fig. 1a and Supplementary Fig. 2a ). The DNA in the class 2 structure is partially detached on one side of the nucleosome from the uH3 α N ('u' for unwrapped side), which coordinates the last 13 base pairs (bp) of the DNA 26 . In this structure, the entry-exit-site DNA remains attached to the histone octamer by the weaker contacts with uH3 tail and the uH3 α N that slightly tilts toward the bulged DNA ( Fig. 1a-c and Supplementary Fig. 3) . The class 2 structure shows that the H3 tail holds DNA when it detaches from the H3 α N, which is consistent with data showing that nucleosomes missing the H3 tail are less stable 27 . The DNA bulging we observed in the class 2 structure resembles the DNA bulging observed in the cryo-EM map of Snf2 bound to the nucleosome 28 , thus indicating that this conformation is an inherent property of the nucleosome that is stabilized by the Snf2 chromatin remodeler.
In the class 3 structure, we observed further unwrapping of the DNA, which detached from the uH3 tail and uH3 α N ( Fig. 1a-c and Supplementary Fig. 3 ). In this class, ~15 bp of DNA is unwrapped from the histone octamer, and the last contact with the DNA is formed by the H2A-H2B dimer (Fig. 1c ). We also observed that the C-terminal region of uH2A, which binds entry-exit-site DNA, is less defined on the side with unwrapped DNA in the class 3 structure ( Fig. 1b,c) . This finding indicates that DNA is required to stabilize the H2A C-terminal region in the nucleosome.
DNA breathing induces conformational changes in the histone octamer.
In the class 4 structure, similar to class 3, ~15 bp of DNA is unwrapped, and the H2A C-terminal region is delocalized. The unwrapped DNA is more flexible and visible only at low contour levels. Comparison of the class 4 model with the class 1-3 models also revealed global changes in the nucleosome structure. The nucleosome expands in the direction perpendicular to the symmetry axis with the distance between the superhelices 2,3,26 SHL 2 and SHL -2 expanding from ~104 Å in classes 1-3 to ~106 Å in class 4 ( Supplementary  Fig. 3d ). Concomitantly, the nucleosome contracts along the symmetry axis in the class 4 structure ( Supplementary Fig. 3d ). In classes 2 and 3, aside from changes near the unwrapped DNA, the overall structure of the histone octamer remains similar to that of the canonical nucleosome ( Fig. 1c and Supplementary Figs. 1g and 3d). In class 4, however, we observed major rearrangements of the histone octamer ( Fig. 2a and Supplementary Fig. 4a,b ). We calculated the r.m.s. deviation (r.m.s.d.) of the class 1 and class 4 models to depict regions that exhibit the largest movements between these two maps. As expected, the r.m.s.d. data show that the histone octamer goes through major rearrangements near the unwrapped DNA. The uH3 α N, uH2A α 2 and α 3 and uH2B α 1 and α 2 that directly interact with the unwrapping DNA show large movements ( Fig. 2a ). Overall, the most pronounced changes in the histone octamer are found near the unwrapped DNA, the dyad, but also near the second DNA entry-exit site. The smallest changes in the histone octamer are found on the nucleosome half with the wrapped DNA, where the second wH2A-H2B and wH4 ('w' for wrapped side) show only minor movements ( Fig. 2a and Supplementary Fig. 4b ).
Rearrangement of H3-H4. In class 4, we observed that the uH3 α N helix is shorter than in classes 1-3 and moves toward the unwrapping DNA (Fig. 2b) . The shorter uH3 α N and the unwrapped DNA resemble the crystal structure of the CENP-A nucleosome 29 , thus indicating that the canonical nucleosome can adopt the same conformation, and this conformation correlates with DNA unwrapping. In addition to a rearrangement of uH3 α N that directly interacts with the unwrapping DNA, we observed that uH3 α 1 goes through a major rearrangement in the class 4 structure (Fig. 2b ). Our structures indicate that rearrangement of the uH3 α N, due to DNA unwrapping, leads to movement of the connecting uH3 α 1 and α 2, which bind the DNA at SHL -2 ( Fig. 2a,b ). This rearrangement also pushes the DNA at SHL -2 outward ( Fig. 2a,b ). The uH3 α 2 interacts at the dyad with the second wH3 α 2, and a tilt of uH3 α 2 leads to the inward tilt of wH3 α 2 ( Supplementary Fig. 4c ), which pulls the DNA at the dyad toward the nucleosome center and results in contraction of the nucleosome. Rearrangement of wH3 α 2 leads to the movement of wH3 α 1 on the wrapped half of the nucleosome, which also pushes the DNA outward at SHL 2 ( Fig. 2c ). This rearrangement also leads to the movement of the wH3 α N and the entry-exit-site DNA on the wrapped half of the nucleosome toward the dyad, which might stabilize the interaction on that end ( Fig. 2c ). We also observed a smaller rearrangement of uH4 α 1 and α 2, which bind the DNA at SHL -1 on the unwrapped half of the nucleosome ( Supplementary Fig. 4d ). Our data show that the unwrapping of nucleosomal DNA rearranges uH3 α N and that this alteration transmits to the opposite half of the nucleosome where wH3 α N and the entry-exit-site DNA move closer together. One result of this change might be the stabilization of the wH3 α N interaction with the DNA on the wrapped half of the nucleosome to prevent symmetrical DNA opening ( Supplementary Fig. 4e ).
Rearrangement of H2A-H2B. In the class 2 structure, the DNA at the entry-exit site is bulged but still retained on the histone octamer by the H3 tail. In the class 3 structure, the interaction between the H3 tail and the DNA is lost, and the last contact between the histone octamer and the DNA is formed by the H2A-H2B (Fig. 3 ). The loop H2B L1, which connects the H2B helices α 1 and α 2, and the loop H2A L2, which connects H2A α 2 and α 3, make the last contact with the DNA at SHL 5.5 in the class 3 structure ( Fig. 3a,b ). We observed that in the class 3 structure, DNA at SHL 5.5 moves outward, which results in a weaker contact between the DNA and ; the class 2 map (purple) was reconstructed to 5.4 Å; the class 3 map (pink) was reconstructed to 5.1 Å; the class 4 map (red) was reconstructed to 6.3 Å. All maps are shown at similar contour levels. b, Fitting of the class 2 (purple) and class 3 (pink) models into cryo-EM maps. The X-ray structure of the NCP (PDB 3LZ1) was refined into the class 2 and class 3 cryo-EM maps. In the class 2 map, the H3 tail binds the DNA and retains it at the histone octamer. In the class 3 map, DNA is detached from the H3 tail. The H2A C-terminal (C-term) region is delocalized in the class 3 structure. c, Comparison of the class 1 model of NCP (blue) with the class 2 (purple) and class 3 (pink) models. In the class 2 structure, DNA bulges but remains attached to the octamer. In the class 3 structure, entry-exit-site DNA detaches from the octamer, leading to delocalization of the H2A C-terminal tail, which binds the entry-exit-site DNA. Other histones are in the canonical conformation.
uH2A L2 and uH2B L1 ( Fig. 3a,b ). Weaker interaction with the DNA is also formed by the uH2B α 1 at SHL 4.5 (Fig. 3a ). Contacts of uH2A α 1, uH2A L1 and uH2B L2 with the DNA at SHL 4.5 and SHL 3.5 remain stable in this structure (Fig. 3a) . Our data show that in the class 3 cryo-EM map, DNA unwrapping reduces the interaction with the uH2A-H2B. In this class, uH2A-H2B remains in the same conformation as in the class 1 structure (Fig. 3b ).
In the class 4 structure, we observed rearrangement of the whole histone octamer, which also strengthens the interaction of uH2A-H2B with the DNA. The DNA at SHL 5.5 in the class 4 structure is in a similar position as in the class 3 structure. In the class 4 structure, however, the uH2A α 2 and α 3 (H2A L2) and uH2B α 1 and α 2 (H2B L1) are tilted and moved toward the unwrapping DNA at SHL 5.5 (Fig. 3c,d) . The loops H2B L1 and H2A L2 make the last contact with the DNA in the class 4 structure, and the tilt of their α -helices strengthens the contact with the unwrapping DNA ( Fig. 3c ). This interaction is visible at high contour levels and is comparable to other histone-DNA interactions in the class 4 structure (Fig. 3c ). H2B α 3 and α C and H2A α 3 did not change their conformations ( Fig. 3d ), which indicates that H2A-H2B goes through internal rearrangement as DNA unwraps. This internal rearrangement of H2A-H2B to accommodate DNA unwrapping might prevent further DNA unwrapping and stabilize the nucleosome.
Plasticity of H2A-H2B is required for nucleosome stability.
The observed plasticity of the H2A-H2B dimer might be crucial for nucleosome stability. To determine whether adjustment of H2A-H2B to DNA movements is required for DNA binding and nucleosome stability, we assembled the nucleosome with crosslinked dimers ( Supplementary Fig. 5a,b ). Cross-linked H2A-H2B is fully functional in its interaction with the H3-H4 tetramer, and (Cα ) between the models for the class 1 and class 4 structures showing the extent of rearrangements in the NCP. DNA at SHL ± 2 and SHL ± 6-7 shows the largest movements between the class 4 and canonical nucleosome structures. H3 α N, H3 α 1 and α 2, uH2A α 2 and uH2B α 1 show the largest rearrangements in the histone octamer. b, Conformational rearrangement of H3 in the half of the nucleosome with unwrapped DNA. uH3 α N, uH3 α 1 and uH3 α 2 are moved in the class 4 structure compared to the class 1 structure (indicated by arrows). DNA at SHL -2 moves outward. c, Conformational rearrangement of H3 in the half of the nucleosome with wrapped DNA. wH3 α N and wH3 α 1 are moved in the class 4 structure compared to the class 1 structure (indicated by arrows). DNA at SHL 2 moves outward. wH3 α N and DNA at SHL -7 (second entry-exit site) move inward. the complex can be purified with size-exclusion chromatography ( Supplementary Fig. 5a,b ). When we assembled the nucleosome with the cross-linked H2A-H2B dimers, we obtained mainly hexasomes containing one cross-linked H2A-H2B and only a low quantity of nucleosomes, as visible on a native gel (Fig. 4a ). To enforce nucleosome formation, we added native and cross-linked H2A-H2B to the assembled hexasome (Fig. 4b) . The native H2A-H2B was efficiently incorporated into the hexasome, forming a nucleosome containing one cross-linked and one native H2A-H2B. Cross-linked H2A-H2B, however, was not stably incorporated into the hexasome (Fig. 4b) , indicating that H2A-H2B plasticity is required for nucleosome stability.
To determine whether plasticity of a globular domain of H2A-H2B is required for nucleosome stability, we added native and cross-linked globular H2A-H2B dimers to the hexasome. Whereas globular native H2A-H2B was assembled into the nucleosome, cross-linked globular H2A-H2B was not stably bound ( Fig. 4c ). Consistent with our structures, these data show that plasticity of the globular domain of H2A-H2B is required for the stability of the nucleosome.
To test whether histone chaperones might be able to incorporate cross-linked H2A-H2B, we used Nap1 in the nucleosomeassembly reaction. When full-length or globular H2A-H2B was cross-linked, the Nap1 chaperone also assembled the hexasome (Fig. 4d ). In agreement with our previous assays (Fig. 4b ), Nap1 was able to incorporate native but not cross-linked H2A-H2B into the hexasome containing one cross-linked H2A-H2B (Fig. 4d,e and Supplementary Fig. 5c-e ). Cross-linking of H2A-H2B did not affect its interaction with Nap1, further supporting the notion that cross-linked H2A-H2B is fully functional in its interactions ( Supplementary Fig. 5c,d) . These data show that chaperone-mediated assembly of the nucleosome also requires plasticity of the H2A-H2B globular domain.
Our data show that cross-linked H2A-H2B can be assembled into the hexasome, but it is not stably bound to the nucleosome. This finding indicates that incorporation and stability of the first and second H2A-H2B in the nucleosome have different requirements. Incorporation of the first dimer into the hexasome can tolerate dimer rigidity; however, the stability of the second dimer in the nucleosome requires some degree of plasticity of the H2A-H2B globular domain (Fig. 4f ).
H2A-H2B dissociation and hexamer formation.
In our second dataset (dataset B), we observed many atypical particles, with DNA protruding from the NCP in 2D class averages ( Table 2 and Supplementary  Fig. 6a-e ). This finding indicated that the DNA partially detached from the histone octamer. We classified these images and obtained multiple structures of distinct nucleosome intermediates and subnucleosome particles with differently organized DNA (Fig. 5a-e and Supplementary Fig. 7 ). In these structures, the DNA is more flexible and is not well resolved. The DNA flexibility also limits the quality of alignment and resolution of these intermediates. Importantly, the organization of the histone core is sufficiently well resolved to unambiguously dock crystal structures and compare the maps. The overall resolutions of these maps range from 8 to 11 Å ( Supplementary Fig. 7) , with histones being better resolved than DNA ( Supplementary Fig. 8 ).
In the class 5 structure, we observed further DNA unwrapping from the histone core (Fig. 5a ). The contact of DNA with the loops uH2A L2 and uH2B L1 is lost, leading to the unwrapping of ~25 bp of DNA from the histone octamer. Only ~120 bp of DNA is organized by the nucleosome (Fig. 5a and Supplementary Fig. 8a ). In this class, the last contact with the DNA is made by uH2B α 1, with the DNA protruding from the histone octamer after the contact (Fig. 5a) . The uH2A-H2B dimer shows higher flexibility on the side with unwrapped DNA (Supplementary Fig. 8a ). In the next structure (class 6), contact between DNA and uH2B α 1 is lost, and an Fig. 4 | cross-linked H2A-H2B is not stably bound to the nucleosome. a, Native gel showing nucleosome assembly with native and cross-linked H2A-H2B. When nucleosomes were assembled with cross-linked H2A-H2B, primarily hexasomes were obtained. DNA ladder (bp) is depicted on the left. b, Native and cross-linked H2A-H2B were added in increasing amounts to the assembled hexasomes (in a) containing one cross-linked H2A-H2B. Native H2A-H2B is incorporated into the hexasome, forming the nucleosome. Cross-linked H2A-H2B is not stably incorporated into the hexasome. c, Native gel showing nucleosome assembly with native and cross-linked (CL) globular H2A-H2B (gH2A-H2B). Native and cross-linked globular H2A-H2B were added to the previously assembled hexasomes containing one cross-linked H2A-H2B. Native full-length and globular H2A-H2B are incorporated into the hexasome, forming the nucleosome. Cross-linked globular H2A-H2B is not stably incorporated into the hexasome. d, Native gel showing Nap1mediated nucleosome assembly with native and cross-linked H2A-H2B. When we used cross-linked H2A-H2B, Nap1 also primarily assembled hexasomes (input). Native and cross-linked H2A-H2B were added to the assembled hexasomes in increasing amounts. Nap1 incorporated native H2A-H2B into hexasomes, forming nucleosomes. Nap1 was unable to incorporate cross-linked H2A-H2B into hexasomes. e, Native gel showing Nap1-mediated nucleosome assembly with native and cross-linked globular H2A-H2B. Native and cross-linked globular H2A-H2B were added to the assembled hexasomes. Nap1 incorporated native globular H2A-H2B into hexasomes, forming nucleosomes. Nap1 was unable to stably incorporate cross-linked globular H2A-H2B into the hexasomes. f, Unwrapping of DNA at SHL 5.5 induces conformational changes in H2A-H2B. Rearrangement of H2A α 2 and α 3 and H2B α 1 maintains the interaction with the DNA and stabilizes the nucleosome. Gray, canonical nucleosome (class 1); red, unwrapped nucleosome (class 4). Representative images of at least three independent experiments are shown. Uncropped gel images are shown in Supplementary Dataset 1.
additional ~5 bp of DNA is unwrapped from the histone octamer ( Fig. 5b and Supplementary Fig. 8b ). This leads to further destabilization of uH2A-H2B, which is now less defined compared to other histones ( Supplementary Fig. 8b ).
In the next step of DNA unwrapping (class 7), the DNA contact with H2A α 1 is lost, and ~35 bp of DNA is not organized by the histone octamer ( Fig. 5c and Supplementary Fig. 8c ). In class 7, uH2A-H2B interacts with the DNA only with the uH2A L1 and uH2B L2 loops, which is not sufficient to stably maintain uH2A-H2B in the nucleosome (Fig. 5c ). In this structure, we observed only a partial and weak density for the uH2A-H2B dimer, thereby indicating high flexibility ( Fig. 5c and Supplementary  Fig. 8c ). This observation is consistent with the finding that H2A-H2B shows an increased distance from the dyad before its dissociation 17 . Our data show that DNA is required to stabilize H2A-H2B in the nucleosome.
In classes 8 and 9, the density for the H2A-H2B dimer is very weak or missing, indicating H2A-H2B dissociation and formation of the hexasome (Fig. 5d,e ). The remaining histones in the hexasome are globally organized, similar to the canonical nucleosome structure and consistent with SAX data and a recent crystal structure 16, 30 . In the absence of one H2A-H2B histone dimer, the DNA unwraps further, leaving only ~110 nucleotides organized by the histone hexamer (Fig. 5d,e and Supplementary Fig. 8d,e ). In the hexasome structures, the H4 loop L2 that connects H4 helices α 2 and α 3 makes the last contact with the DNA at SHL 2.5. We found two alternative conformations of the hexasome. In class 8, the unbound DNA continues its path in a tangential direction after the last contact with the histone H4 loop L2 ( Fig. 5d and Supplementary  Fig. 8d ). In class 9, the DNA is moved and protrudes from both sides of the hexasome ( Fig. 5e and Supplementary Fig. 8e ). In this class, ~15 bp of DNA protrudes from the hexasome after the last contact with the H4 loop L2. Approximately 25 bp of DNA protrudes from the entry-exit site on the opposite side of the hexasome (Fig. 5e ). These data show that reduced contacts of histones with DNA in the hexasome lead to increased DNA sliding, which is consistent with biochemical observations 31 . This property of the hexasome might be used by external factors to gain access to DNA or to move the nucleosome and may play an important role in transcription, replication and chromatin remodeling.
Discussion
Studies of the intrinsic properties and dynamics of the nucleosome are critical for understanding how various nuclear machineries gain access to DNA in vivo. In this work, we captured multiple steps of DNA unwrapping from the histone octamer using cryo-EM, consistent with nucleosome states observed by single-molecule experiments 5, 9, 17, 18, 32 . We found that DNA unwrapping induces conformational changes in the histone octamer that are necessary to stabilize the nucleosome.
Previous studies have reported that DNA unwraps from the nucleosome in an asymmetrical way 18, 19 . If DNA flexibility were similar on both sides, DNA would unwrap stochastically from either side 19 . These studies suggest that the opening of one DNA end helps to stabilize the other end. In our structures, we observed rearrangements of histones not only near the site of DNA unwrapping, but also in the entire histone octamer. Specifically, we observed that DNA unwrapping rearranges H3 on the unwrapped half of the nucleosome and that this rearrangement propagates to the second H3 and to the entry-exit DNA on the other end. H3 α N and the DNA on the wrapped half of the nucleosome move closer and toward the dyad, which might stabilize the DNA on that side. Our structures reveal changes in the histone octamer that can explain why nucleosomes open asymmetrically, even on symmetrical DNA.
Our structural and biochemical data reveal that the plasticity of H2A-H2B is required for nucleosome stability. We observed that several α -helices of H2A-H2B tilt toward the unwrapping DNA to maintain the interaction. Additionally, cross-linked H2A-H2B that cannot accommodate DNA unwrapping is not stably maintained in the nucleosome, thus indicating that the observed internal plasticity of H2A-H2B is essential for nucleosome stability. Our data suggest that H2A-H2B plasticity prevents further DNA unwrapping and promotes DNA rewrapping. This notion is consistent with single-molecule data showing that ~10% of nucleosomes have entry-exit-site DNA unwrapped under physiological conditions and that DNA unwraps and rewraps on a millisecond time scale 9, 18 .
We observed that DNA unwrapping and H2A-H2B release occur together and that DNA is required to stabilize the H2A-H2B dimer in the nucleosome. These data suggest that if an extrinsic factor prevents DNA rewrapping, H2A-H2B will destabilize, thereby facilitating further DNA unwrapping and nucleosome opening beyond the first 15 bp. In agreement with this, binding of an extrinsic protein to nucleosomes drives the conformational equilibrium toward the unwrapped DNA state 9 . Moreover, RNA polymerase II has been shown to use intrinsic nucleosomal fluctuations to transcribe around the nucleosome, rather than actively separating DNA from histones 10 . Our structures provide a mechanistic explanation of intrinsic nucleosomal dynamics that are used by RNA polymerase II and other DNA-based enzymes.
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